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A novel stable carbon allotrope is predicted by using first-principles calculations. This allotrope
is obtained by replacing one of the two atoms in the primitive cell of diamond with a carbon
tetrahedron, thus it contains five atoms in one primitive cell, termed T5-carbon. The stabilities of
T5-carbon are checked in structural, thermal, vibrational and energy calculations. The calculations
on electronic, thermal, and mechanical properties reveal that T5-carbon is a semiconductor with an
indirect band gap of 3.18 eV, and has a lattice thermal conductivity of 409 W/mK. More importantly,
the Vickers hardness of T5-carbon is 76.5 GPa which is lower than that of diamond but larger
than those of T-carbon and cubic boron nitride, confirming the superhard properties of T5-carbon,
suggesting its wide applications in mechanical devices.
Carbon, one of the basic components of our universe,
derives a variety of allotropes with a wide range of fasci-
nating properties. This is mainly promoted by the diver-
siform hybridization between the C-s and C-p orbitals
of carbon atoms. Over the past decades, with the im-
provement of computational science and capacity, a va-
riety of carbon allotropes have been prdicted, such as,
Penta-graphene[1], T-carbon[2], bco-C16[3], D-carbon[4]
and so forth[5, 6]. Meanwhile, as the synthesis technol-
ogy is growing and maturing, a series of carbon phases
are successfully synthesized, i.e., fullerences[7], carbon
nanotubes[8], graphene[9] and T-carbon[10]. These syn-
thesised carbon allotropes attach enormous impacts in
the field of chemistry, physics, and materials, and greatly
promote the advancement in nanotechnology and nan-
odevices. It seems that the applications of carbon or
carbon-based materials would be the mainstream in the
future.
Due to the character of sp3 hybridization of carbon
atoms, its allotropes have always been considered to be
the superhard materials which exhibit superior mechan-
ical performances. Thus, it has attracted special atten-
tion to researchers focusing on synthesising and predict-
ing new carbon allotropes. Several novel superhard car-
bon allotropes, such as, the monoclinic M-carbon[11],
bct-C4[12], W-carbon[13] and O-carbon[14] have been
predicted to simulate the high-pressure phase[15], whose
hardness is even higher than that of diamond. Recently,
some new predicted carbon allotropes Cco-C8[16] and
C20-T[17] have also been proposed with superhard prop-
erties. These predicted superhard carbon allotropes pro-
mote the advancement in understanding the mechanism
of superhard materials.
In this work, using first-principles calculations, we ob-
tain a novel carbon allotrope which possesses a higher
Vicker hardness. This allotrope containing five atoms in
one primitive cell, can be obtained by substituting one
of the two atoms in the primitive cell of diamond with a
carbon tetrahedron, thus termed T5-carbon. T5-carbon
exhibits considerable stabilities in mechanics, dynamics
and thermodynamics. Furthermore, the predicted XRD
spectra show that it has a contribution in the produc-
tion of TNT and diesel oil detonation[18]. Importantly,
the calculated Vicker hardness can reach up to 76.5 GPa
with a comparable smaller elastic modulus, which indi-
cates that the wide application in mechanical devices.
First-principles calculations are implemented in Vi-
enna ab initio simulation package [19, 20]. The core-
valence electron interactions are solved using the pro-
jector augmented-wave method[21]. The cutoff energy
of 600 eV for plane waves is used in all calculations.
The generalized gradient approximation is introduced to
describe the exchange-correlation functionals within the
Perdew-Burke-Ernzerhof method [22]. The Γ-centered
K-mesh of 16 × 16 × 16 is used for the ionic relaxation
and electronic self-consistent iteration. The conjugate
gradient method is used to relax the atomic positions.
The forces of all carbon atoms are converged to be less
than 1.0×10−3 eV/A˚. The harmonic (second order) inter-
atomic force constants (IFCs) are calculated by employ-
ing the density functional perturbation (DFPT) method
[23]. Then we obtain the phonon dispersion by using
the PHONOPY code [24]. The Crystal Orbital Hamil-
ton Populations (COHPs)[25–27] of diamond, T5-carbon
and T-carbon are also implemented in the LOBSTER
code[28]. Furthermore, In order to calculate the lat-
tice thermal conductivity κ, we acquire the anharmonic
(third order) IFCs with considering the interaction of
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2Figure 1: (Color online) Crystal structure of T5-carbon. (a)
Cubic crystalline of T5-carbon with the space group F43M
(No. 216). Two different bond lengths (d1, d2) and three
different bond angles (θ1, θ2, θ3)) are also listed. (b)-(d)
Views from [100], [110], and [111] directions of T5-carbon,
respectively. Note that the blue and gray balls denote the two
non-equivalent carbon atoms which occupy Wyckoff positions
of 4a (0, 0, 0) and 16e (0.844, 0.844, 0.844), respectively.
Figure 2: (color online). Total energy per atom versus volume
of T5-carbon. Carbon allotropes of cR6, cT8, diamond, rh6,
T-carbon and graphite are also denoted for comparison. It
should be noted that all the data shown in this figure, are
calculated by ourselves using the same method as T5-carbon.
sixth nearest carbon neighbors. A supercell of 3 × 3
× 3 is used for the second order IFCs and third order
IFCs calculations. Finally, the phonon Boltzmann trans-
port equation (BTE) with iterative method are solved as
implemented in the ShengBTE code[29].
As shown in Fig. 1, T5-carbon crystallizes in a fcc
structure with a space group F43M (No. 216). The op-
timized lattice parameters of T5-carbon are a = b =c
= 5.574 A˚. One unit cell contains five carbon atoms,
which occupy Wyckoff positions of 4a (0, 0, 0) and 16e
(0.844, 0.844, 0.844). The denoted grey carbon ball in
Fig. 1 connects three equivalent and an non-equivalent
carbon neighbors, forming a quasi-sp3 structure, and
the blue ball is associated with four equivalent carbon
atoms, constituting a standard sp3 structure. There are
two non-equivalent carbon-carbon bond lengths in T5-
carbon. The bond lengths are d1= 1.490 A˚ and d2=
1.501 A˚, respectively. There are three different bond an-
gles among carbon atoms in T5-carbon, i.e., θ1 = 60
◦,
θ2 = 109.471
◦ and θ3 = 144.736◦ as denoted in Fig. 1(a),
respectively. Figure 2 plots the total energy per atom as
a function of volume to confirm the energetic stability of
T5-carbon. Moreover, other carbon allotropes are also
calculated for comparison using the same method. It
can be seen that the stability of T5-carbon in energy is
slightly weaker than other carbon phases except for T-
carbon, which is also confirmed by the calculated cohe-
sive energy per atom, as shown in Table 1. These results
reveal that T5-carbon in energy is a comparable stable
carbon allotrope against other carbon allotropes. To con-
firm the mechanical stability, we calculate the elastic con-
stants of T5-carbon. The calculated independent elastic
constants C11, C12, and C44 are 397.228, 158.929, and
195.368 GPa, respectively. These values meet the Born
mechanical stability for cubic system[30]: C11-C12 > 0
and C11 + 2C12 > 0 and C44 > 0, confirming the mechan-
ical stability of T5-carbon. The phonon dispersion is also
shown to confirm the dynamical stability of T5-carbon.
As shown in Fig. 3(a), there is no imaginary frequency
existing in the phonon spectra, implying that T5-carbon
is dynamical stable. To further confirm the thermal sta-
bility of T5-carbon, ab initio molecular dynamics simu-
lation (AIMD) is implemented with a 3× 3× 3 supercell.
After a relaxation in 500 K for 10 ps with a time step
of 1 fs, no structure change is observed. These results
indicate that T5-carbon is a comparable stable carbon
phase, and thus may be synthesised in experiments.
Then, we investigate the mechanical and thermal prop-
erties of T5-carbon. The following equation of Gao’s
model for vicker hardness calculation is used[32]:
H(GPa) = 350[(N2/3e )e
−1.191fi ]/d2.5, (1)
where Ne denotes the electron density of valence elec-
trons per unit area, d denotes the bond length, and fi
denotes the ionicity of the chemical bonds in a crystal
measured by Phillips[33]. A Vicker hardness of 76.5 GPa
is obtained by using this equation, which is bigger than
T-carbon (61.1 Gpa) [2] and c-BN (64.5 Gpa) [32] and
less than that of diamond (93.6 GPa)[32]. To further in-
vestigate the mechanism of the comparable small Vicker
hardness to diamond, the electron charge density differ-
ence and COHP of T5-carbon are calculated and shown
in Fig. 4. The corresponding results for diamond and
T-carbon are also shown for comparison. The electron
3Table I: The calculated equilibrium structural parameters including volume per atom V0, lattice parameters a, b, and c, bond
length d, cohesive energy per atom Ecoh, bulk modulus B0, and electronic band gap Eg at zero pressure of Diamond, cR6, cT8,
Graphite, Rh6, T-carbon and T5-carbon, compared to experimental data [31].
Structure Method V0(A˚
3
/atom) a,b,c (A˚) d(A˚) Ecoh(eV/atom) B0(GPa) Eg(eV )
Diamond (Fd3m) GGA 5.69 3.572 1.547 7.84 432 4.12
Exp[31] 5.67 3.567 1.544 446 5.47
cR6 (R3m) GGA 8.88 7.154, 3.602 1.354, 1.497 7.42 249 1.98
cT8 (I41/amd) GGA 8.49 5.931, 3.866 1.353, 1.495 7.46 275 2.54
Graphite (p63/mmc) GGA 9.33 2.465, 6.886 1.424 8.04 276
Exp[31] 8.78 2.460, 6.704 1.420 286
Rh6(R3m) GGA 8.19 6.882, 3.595 1.357, 1.491 7.46 279 0.07
T-carbon (Fd3m) GGA 13.25 7.520 1.416, 1.500 6.67 159 2.24
T5-carbon(F43M) This work 8.66 5.574 1.501, 1.490 6.81 238 3.18
Figure 3: (color online). (a) Phonon spectra of T5-carbon. (b)
Calculated lattice thermal conductivity versus temperature of
diamond and T5-carbon
charge density differences suggest that the weaker Vicker
hardness in T5-carbon and T-carbon is owning to the
weaker bonding strengths in the carbon tetrahedron, and
the corresponding integral COHP (ICOHP) values also
imply the same conclusion. We also investigate the ther-
mal properties of the carbon tetrahedron by solving the
phonon BTE, as shown in Fig. 3(b). The calculated lat-
tice thermal conductivity for T5-carbon is 409 W/mK at
the temperature of 300 K. The obtained value is one order
smaller than that of diamond (2116 W/mK)[34, 35] cal-
culated by using the same method as T5-carbon. Mean-
while, the value is one order bigger than T-carbon (33
Figure 4: (color online) Calculated COHP of diamond (a), T5-
carbon (b) and T-carbon (c), and the corresponding electronic
charge density difference in the left panel.
W/mk)[34], and the same order of magnitude as c-BN
(768 W/mK) [36]
Next, we calculate the electronic properties of T5-
carbon, and the results are shown in Fig. 5. The pro-
jected band structure reveal that the electronic states
near the Fermi level are contributed by C-s and C-p or-
bital of carbon atoms, confirming the characters of hy-
bridizations of C-s and C-p. The electronic band struc-
tures reveal that T5-carbon is a semiconductor with a
indirect band gap of 3.18 eV. Furthermore, It is found
that the band structures of valence band and conduc-
tion band have steep trend characters, which suggests a
smaller effective mass. This result reveals that we may
modify the band gap by doping for applying this carbon
material to the field of photocatalysis.
To provide more information for experimental obser-
vations, we simulate the XRD spctra of the carbon al-
lotropes with an X-ray wavelength of 1.5406 A˚. As shown
in Fig. 6, it can be seen that there is one sharp XRD peak
at 2θ = 27.69◦ for (111) surfaces of the carbon tetra-
hedron. To further study the existence of the carbon
4Figure 5: (color online) Projected band structure for T5-
carbon. The size of the red, cyan, blue and yellow circles
represent the orbital s, px, py and pz.
Figure 6: (color online). Simulated XRD patterns for T-
carbon, rh6, graphite, diamond, cT8, cR6 and T5-carbon.
Experimental XRD spectra of TNT and diesel oil detonation
soot[18].
tetrahedron by XRD patterns, we also compare its XRD
spectra with previous experimental data from TNT and
diesel oil detonation[18]. The strong peak at 26.5◦ is
owning to graphite (002) diffraction and the weak peak
around 43.5◦ matches with the diamond (111) diffraction,
confirming the existence of graphite and cubic diamond.
Our simulated XRD spectrum on the surface of (111) of
T5-carbon is close to the strong peak of the Soot around
26.5◦. The result may indicate the possible existence of
T5-carbon in this carbon Soot. In addition, the structure
of T5-carbon resembles that of T-carbon which is suc-
cessfully synthesized by a pseudo-topotactic in methanol
under picosecond pulsed-laser irradiation [10]. There-
fore, we conclude that T5-carbon may be experimentally
synthesized by irradiating multi-walled carbon nanotubes
with lasers.
In summary, a novel potential superhard carbon al-
lotrope T5-carbon is predicted by using first-principles
calculations. The energetic, mechanical and thermal sta-
bilities are checked by the calculations of energy-volume
curve, elastic constants and AIMD simulations. The in-
direct band gap of T5-carbon is 3.18 eV. The XRD spec-
trum is close to the experimental result of carbon Soot at
2θ = 26.5◦. This novel carbon allotrope has a moderate
lattice thermal conductivity of 409 W/mK. Importantly,
the Vicker hardness of T5-carbon is calculated to be 76.5
GPa, which is in the middle of diamond and c-BN.The
result indicates T5-carbon would have wide applications
in superhard materials for mechanical devices.
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